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The proton accelerator

A. Antognini, Physics of exotic atoms, Proton radius puzzle, ETH 26.04.2013 – p. 12

Muons & Pions at PSI

Ring cyclotron at PSI
590 MeV energy with 1.4 MW  
beam power

3
Most powerful DC accelerator in the world



Andreas Knecht

PSI Proton Accelerator HIPA
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Cockroft-Walton

Injector cyclotron
590 MeV cyclotron  
2.4 mA, 1.4 MW 
50 MHz

Spallation source SINQ

Proton therapy

Spallation source for 
ultracold neutrons 
nEDM experiment

Muon & pion target stations TgM & TgE 
7 beamlines for particle  
physics and material science
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Production Target TgE

40 mm polycrystalline graphite
~40 kW power deposition
Temperature 1700 K
Radiation cooled @ 1 turn/s
Beam loss 12% (+18% from scattering)
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Meson Production 
 Target 

Muon Rate: 
4.6E8 P+/sec 
@ p=29.8 MeV/c 

T.Prokscha et al NIM-A (2008) 

Muon Transport Channel PE4 target, d=40mm 

solenoids 

quadrupoles 

TARGET CONE 
Mean diameter:      450 mm 
Graphite density:    1.8 g/cm3 

Operating Temp.:   1700 K 
Irrad. damage rate:  0.1 dpa/Ah 
Rotation Speed:      1 Turn/s 
Target thickness:    40 mm 
                                 7 g/cm2 

Beam loss:              12  % 
Power deposit.:    20 kW/mA 

M.Seidel, J-PARC, Oct 2015 

protons
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Pions, surface and cloud muons

Pions produced through the interaction of the 
protons with the target
Low-energy muon beam lines typically tuned to 
surface-μ+ at ~ 28 MeV/c
Contribution from cloud muons at similar 
momentum about 100x smaller
Negative muons only available as cloud muons
50 MHz beam structure for pions and cloud 
muons
For surface muons: time structure of cyclotron 
smeared out by pion lifetime → DC muon 
beams 
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Surface muons

Cloud muons

protons

π+

μ+

surface muons 
stopped pion decay

x

π+/-

μ+/-

cloud muons 
pion decay-in-flight

muons. This is followed by Sec. III, in which we explore
the possibility of extracting surface muons from an existing
spallation target. Section IV then describes an existing
standard target for surface muon production followed by
Secs. V and VI, where we explore the possibilities of
enhancing the surface muon production by optimizing the
shape and material of the standard target.

II. PION PRODUCTION CROSS SECTIONS

Pions are produced at a proton accelerator through a
multitude of different channels. Above the single pion
production threshold of ∼280 MeV in the center-of-mass
frame the following reactions are available:

pþ p → pþ nþ πþ pþ n → pþ nþ π0

pþ p → pþ pþ π0 pþ n → pþ pþ π−

pþ p → dþ πþ pþ n → nþ nþ πþ

pþ n → dþ π0:

Beyond a proton energy of 600MeV the creation of pairs of
pions becomes possible and additional reaction channels
open up:

pþ p→ pþ pþ πþ þ π− pþ n→ pþ nþ πþ þ π−

pþ p→ pþ pþ π0 þ π0 pþ n→ pþ nþ π0 þ π0

pþ p→ nþ nþ πþ þ πþ pþ n→ nþ nþ πþ þ π0

pþ p→ nþ pþ πþ þ π0 pþ n→ dþ π− þ πþ

pþ p→ dþ πþ þ π0 pþ n→ dþ π0 þ π0

pþ n→ pþ pþ π− þ π0

At even higher proton energies further higher multiplicity
pion production channels become possible. However, for
traditional meson factories with energies below 1000 MeV
only the above reaction channels are relevant.
In the early years of the meson factories detailed

measurements of the pion production cross sections were
performed at SIN (now Paul Scherrer Institute PSI) and
at the 184” cyclotron of the Lawrence Berkeley National
Laboratory (LBNL) at proton energies of 585 and
730 MeV, respectively [11–13]. Especially the measure-
ments at low pion energies [13] are of utmost importance in
understanding the generation of surface muons.
Hadronic models distributed with GEANT4 [14] are

generally able to model the pion production reactions
given above. However, several models perform rather
poorly and even models that perform well for certain
proton energies, scattering angles, and for certain elements
perform poorly under other conditions. Figure 1 shows a
comparison of data with the results of various hadronic
models widely used with GEANT4. Especially the two

models BERT (the default GEANT4 hadronic model) and
INCLXX deviate strongly by as much as a factor of 10 [15].
For the above reasons we have embarked on the task of

introducing reliable πþ production cross sections into our
GEANT4 simulations. The basis for our own cross sections

(a)

(b)

(c)

FIG. 1. Simulated double-differential cross sections for πþ

production on carbon at a proton energy of 585 MeV and a
scattering angle of (a) 22.5, (b) 90 and (c) 135 degrees for several
hadronic models used in GEANT4 4.9.6 (BERT, BIC, INCLXX)
and 4.9.5 (INCL_ABLA) in comparison to data from [12,13].
The parametrization is described in the text.

F. BERG et al. PHYS. REV. ACCEL. BEAMS 19, 024701 (2016)

024701-2
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Motivation: cLFV as an example

Neutrinoless	muon	decays	(cLFV)	one	of	the	most	sensitive	probes	for	new	physics	
μ+	→	e+γ	&	μ+	→	e+e-e+		only	possible	at	DC	&	intensity-frontier	machine	such	as	HIPA
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MEG

Experiments  
performed at PSI

MEGII

Mu3e phase II
Mu3e phase I

>109 μ/s  
needed

in piE5: ~108 μ/s

J-PARC/FNAL: 1010 - 1011 μ/s
COMET/

Mu2e

HiMB project aims at delivering 1010 μ+/s at PSI for particle physics & μSR
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Science Case
Particle physics:

HIMB only:
Mu3e
MEG
Mu-Mubar Oscillations
Muonium spectroscopy, interferometry & gravity
Muonic atom spectroscopy
Atomic parity violation with muons
Beyond SM searches with positrons

HIMB + muCool:
Muonium spectroscopy, interferometry & gravity
Muon reacceleration
Muon EDM (needs reacceleration)
g-2 (needs reacceleration)

…
μSR:

High-rate: vertex reconstruction (pixel detector based µSR) to break pile-up limitation
Microbeams (collimation or with reaccelerated beam) enabling the possibility to measure small samples or 
perform ultrahigh pressure measurements
Possibly improve LEM rates
Possibly multiple instruments on same beamline
…

8
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Floorplan PSI
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SINQ

TgE

TgM
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HIMB Slanted Target Design
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protons

Standard	40	mm	TgE Slanted	40	mm	TgE

Change of TgE geometry to increase surface 
muon rates for all connected beamlines
Increase safety margin for “missing” TgE with 
proton beam
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HIMB Slanted Target Tests
HIMB 40 mm slanted target installed on 25. 11. 2019

Muon beam rates:
40-50% increase in surface muon rate measured in 
μE4, πE5, πE3 and πE1 (μE1 not affected as it relies 
on pion collection)
Consistent with simulation to within 10%  
       
       40 mm slanted target as good or better    
       than 60 mm standard target!

Proton beam impact:
Setup of proton beam well under control
Increased safety margins confirmed

Future:
To be seen: Impact of higher thermal stress on long 
term stability of target wheel. HIMB target has been  
running all of 2020 until recent target change due to 
failure of bearings.
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TgE
+49%

+42%

+45%

+51%
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standard
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Floorplan PSI

12

SINQ

TgE

TgM
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Target Geometry for new TgH

Change current 5 mm TgM for 20 mm TgH (known situation from 60 mm TgE)

20 mm rotated slab target as efficient as 40 mm standard Target E

13

Existing TgM 20 mm effective length  
5˚ rotated slab

p

1.3x1011 surface μ+/s

10
0 

m
m

New TgH
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Split Capture Solenoids

Two normal-conducting, radiation-hard 
solenoids close to target to capture surface 
muons

Central field of solenoids ~0.35 T
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500 mm 250 mm

solenoid
500 mm aperture

500 mm250 mm

solenoid
500 mm aperturep

this feature has not been implemented and the quadrupoles are
operated symmetrically.

The bending magnets have deflection angles a of 40! (ASR61)
and 34! (ASR62-63). In order to increase momentum dispersion
at ASR62 and therefore to obtain the possibility to adjust the
width of the beam momentum distribution, the first bending
magnet has a trapezoidal shaped magnet pole with a pole face
rotation of 33! which leads to defocusing in the horizontal plane.
The two other bending magnets have ‘‘standard’’ rectangular
magnet poles resulting in pole face rotations of a=2. The beam line
has a ‘‘buckled-U’’ shape and is nearly symmetric between ASR61
and ASR63, with ASR62 being the point of symmetry. For

ARTICLE IN PRESS

FS 61(H+V)

ASR 62

KV 61

FS 62(H)

KV 62

VSD 61

WSX62,WSX61

ASR 61

ASR 63

Q
SM

 604 −606

FS 63 (H+V)

QSM 601−603

QSM 607 −609

VSD 63QSM 610−612
SEP 61

VSD 62

LEM Experiment
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ot
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m

Ta
rg

et
 E

200 cm

Fig. 1. Beam elements of the new mE4 beam line.

Fig. 2. The two solenoids WSX61,62 before completion of the iron housing. See
text for details.

Fig. 3. The assembled solenoid WSX61,62 with vacuum chamber and iron
housing.

T. Prokscha et al. / Nuclear Instruments and Methods in Physics Research A 595 (2008) 317–331320

Capture	solenoids	very	similar	  
to	existing	μE4	solenoids
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Solenoid Beamline

First version of beam optics in a generic long beamline showing that large number of 
muons can be transported.
Almost parallel beam, no focus, no separator, …

Beamline of solenoids 
similar to capture  
solenoids

Large aperture (500 mm) 
bending magnets

20 mm TgH  
5˚ rotated slab

15

1.3 x 1010 μ+/s @ 2.3 mA Ip transported



Andreas Knecht

Solenoid Beamline

16

Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE TgH

Capture7.2 x 109 μ+/s  
C ~ 6%

3.4 x 1010 μ+/s  
C ~ 26%

Transmission
5 x 108 μ+/s  
T ~ 7%
Total ~ 0.4%

1.3 x 1010 μ+/s 
T ~ 40%
Total ~ 10%

Existing μE4  
beamline

Proposed  
solenoid  
beamline

Gain due to high capture 
and transmission efficiency
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Study of different beam optics

Checked different beam optics both in TRANSPORT (matrix code) and G4beamline for long 
straight sections
Around 1010 muons/s achieved in all cases. However, quite some differences between full 
momentum spectrum and  momentum-bite performance
In all versions, final beam spot typically quite large: σ ∽ 50 mm 
→ ways to decrease it currently under study
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Peter-Raymond Kettle 15

Determined Leff for L=500 mm solenoid Leff = ∫B⋅dl/B0  Leff = 770.578 mm

G4bl takes realistic fringe field into account
Hence L=500 for coil

TRANSPORT has to place solenoid
@ start of Fringe field with Leff use hard-edged model

Pt->//->Pt

Pt->//->Pt focus moved

Pt->Pt->Pt

Pt->Pt->//->//

Pt->Pt->//->// increased sgap

HiMB Meeting 8/9/2020Peter-Raymond Kettle 15
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Peter-Raymond Kettle 18

Pt->//->Pt Capture
solenoids

Transport
solenoids

Focus
solenoid

Picture:
Monochromatic
Reduced divergence
Source=1

Using the Slanted Target Files Source=0

HiMB Meeting 8/9/2020

38% of Total Rate = muons in SM-byte
Peter-Raymond Kettle 19

Pt->//->Pt focus moved

Pt->Pt->Pt
FOFO lattice

Picture:
Monochromatic
Reduced divergence
Source=1

Picture:
Monochromatic
Reduced divergence
Source=1

Using the Slanted Target Files Source=0

Using the Slanted Target Files Source=0

HiMB Meeting 8/9/2020

49% of Total Rate = muons in SM-byte

Peter-Raymond Kettle 21

Pt->Pt->//->// V4-12t-2

Slanted-slab File

Using the Slanted Target Files Source=0

HiMB Meeting 8/9/2020

74% of Total Rate = muons in SM-byte
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Towards realistic beamline layouts

We now have more realistic beam layouts to simulate → currently ongoing
Include necessary elements such as beam blockers etc.
Full solenoid beamline towards particle physics side
Coupling into triplet on muSR side

18

Particle physics side

muSR sideTgH

old beamline

old beamline
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Beyond surface muons

HIMB is aimed at surface muons

However, other particles are of course 
also of interest

Will need to check their rates and 
properties:

Negative muons
Pure electron/positron beams
Pions (solenoids not ideal for high 
momentum)

19

3j

6B;m`2 8X3, h?2 KQK2MimK bT2+i`mK Q7 TQbBiBp2Hv +?�`;2/ T�`iB+H2b T`Q/m+2/ BM h�`@
;2i 1- R8y KK /QrMbi`2�K BM i?2 /B`2+iBQM Q7 i?2 ⇡18 +?�MM2HX

6B;m`2 8XN, h?2 KQK2MimK bT2+i`mK Q7 M2;�iBp2Hv +?�`;2/ T�`iB+H2b T`Q/m+2/ BM
h�`;2i 1- R8y KK /QrMbi`2�K BM i?2 /B`2+iBQM Q7 i?2 ⇡18 +?�MM2HX

Hodge,	Thesis	(2018)

Particle	rates	close	to	TgE	(backwards)
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Building a new target station
Challenging environment around TgM to 
change layout
Helium liquefier, tertiary cooling loop 7, lots 
of pipes, cables and conduits, power supply 
platforms, …
And of course in an environment with doses 
measured in Sv/h

20
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First ideas for new TgH design

Capture solenoids will need to come very close to the target wheel
First concept available showing how this could be accomplished
Alternative concept placing capture solenoids into the target vacuum chamber under 
development

21

p
μ

μ

p

μμ

Figure 10: Top view of the present Target M station (left) and a possible new arrangement with the two large coils
left and right from the target.The arrows show the beam paths of the protons (p) and muons (µ).

2.4.3 Research goals GFA/ABT

The two capture solenoids required by the muon beam optics are, to some extent, similar to the previously designed
WSX solenoids currently used in the µE4 beamline. The production of radiation-hard, large-aperture solenoids
remains a challenge to achieve at two levels:
Mechanical design: The design will use the basic principles used by the PSI magnet section in the past of several
magnets close to the targets: non-organic material, indirect cooling, redundancy and remote handling capabilities.
The need for the coil to be potted in soft solder and the hygroscopic properties of the insulating MgO powder
increase the manufacturing difficulties. A very restricted number of companies or institutes currently master this
manufacturing process. It is important that the magnet section pursues a common development with the possible
manufacturers in order consolidate our knowledge and improve the manufacturing process. The goal is to secure
the availability of radiation-hard magnets in view of upcoming future projects at high-intensity accelerators and
neutron spallation sources.
Magnetic characterization: Means of quantifiying their magnetic properties (axis, field integral etc.) are re-
quired. The magnet section is developing several measurement systems aiming at a precise 3D mapping of dipole
and solenoid fields and at finding the position of the magnetic axis of large aperture and/or long devices. The
development of 3-D mapping systems using Hall sensors has been successful but the measurement of the magnetic
axis remains a challenge: the use of Hall probes is not optimal since these type of devices are prone to drifts and
offsets. We propose to use a moving wire or a pulsed wire technique. Developments of the later will be also
beneficial for the magnetic characterization of the undulators used at light sources.

2.4.4 Research goals NES/LSM

Within the HiMB project we need to optimize possible conflicting criteria, obeying restrictive constraints, given by
the existing facility and the new design considerations in realizing HiMB. This part of the project will take as input
the various design works described in the sections 2.4.1-2.4.3. We refer to them as physics simulation in the sequel.
These pieces constitute the basis for a global optimization towards a feasible and robust HiMB design. A central
point of the LSM research contribution will be around large scale Genetic Algorithm (GA) based Multi-Objective
Optimization (MOO) in high dimensional spaces [58–60]. The Quantities of Interest (QoI) to optimize are particle
losses, muon and proton beam parameters, geometric and magnet related quantities. The current estimate for the
number of QoIs is above 15.

We will attack this challenging problem simultaneously in 2 complementary ways: 1. by applying our existing
GA based MOO framework and 2. make use of surrogate models.

For the first part, we will apply the PhD works of Marija Kranjčević [65] towards an integration with physics

13

Existing TgM First concept for TgH
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Challenges!

Main topics to study:
Exact position of new TgH
Impact on existing infrastructure
Proton beam optics and channel
Performance of solenoidal channel
Electron/muon separation
New target area & shielding design
Disposal of activated components
Science case

22
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Conclusions

Good prospects of achieving 
muon rates of 1010 mu+/s at PSI

HIMB will enable forefront 
muon research at PSI for the 
next 20+ years

Important dates:
Science Case workshop  
6-9 April 2021
CDR by end of 2021
Implementation during 
2026/2027

23
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Simulation
Implemented our own pion production 
cross sections into Geant4/G4beamline 
based on measured data and two 
available parametrizations
Valid for all pion energies, proton 
energies < 1000 MeV, all angles and all 
materials
Implemented “splitting” of pion 
production and muon decay to speed up 
simulation

25
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Reliable results at  
the 10% level

R. L. Burman and E. S. Smith, Los Alamos Tech. Report LA-11502-MS (1989) 
R. Frosch, J. Löffler, and C. WIgger, PSI Tech. Report TM-11-92-01 (1992) 
F. Berg et al., Phys. Rev. Accel. Beams 19, 024701 (2016) 
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G4beamline simulation of muE4

MuE4 beamline implemented into G4beamline
Detailed field maps available for all elements (crucial!)
Simulation starts from protons on Target E

26

capture solenoid

bending magnets

quadrupole triplets

slit systems

separator
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muE4 Rate & Beam Profile

27

Mue4 Validation of 

g4beamline Date:  10/9/2014

Page:  9 / 10

We have also compared the output of the g4beamline simulation of the Mue4 beam 

line with beam profile measurements at LEM by T. Prokscha et al. [3]. Figure9 shows 

the profile, intensities and spectrum of Mue4 beam at LEM obtained from the 

g4beamline simulation. The measured parameter of the beam are indicated on the 

plots under the label exp. The surface muon population at the entrance of the beam is 

computed with a separate target E simulation where the G4HIMB model is used for 

the modeling of the p+X-> π+ reactions. A good agreement is observed between the 

simulation results and the measurement with a 30% difference in the intensities, an 

excellent agreement for the Y profile and a larger X profile of the simulated beam 

compared to the experiment. It is remarkable to note that the best agreement between 

the simulation results and the measurements is obtained when using the target-E 

simulation based on the G4HIMB model.

Muon rate
sim: 2.56e+08/mAs
exp: 2.28e+08/mAs Excellent agreement 

between simulation 
and measurements
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Source characteristics

Phase space of surface muons emitted from the target
Spot size with σ ∽ 30 mm in horizontal and vertical direction
Emission of surface muons follows cos(theta)-distribution → allows to capture a large 
fraction of the emitted surface muons

28

HiMB rotated slab target
- transverse phase space

6

ε𝑥 = 20200 π 𝑚𝑚 𝑚𝑟𝑎𝑑
ε𝑦 = 18500 π 𝑚𝑚𝑚𝑟𝑎𝑑
𝑥′ = 76 𝑚𝑟𝑎𝑑 (4.4°)

• Profile (25 MeV/c < p < 29.8 MeV/c) @ generation (10 mm ┴ protons) :
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First ideas for new TgM* design

Capture solenoids will need to come very close to the target wheel
First concept available showing how this could be accomplished
Goal is to use the same exchange flask as TgE for target changes

29

p
μ

μ

p

μμ

Figure 10: Top view of the present Target M station (left) and a possible new arrangement with the two large coils
left and right from the target.The arrows show the beam paths of the protons (p) and muons (µ).

2.4.3 Research goals GFA/ABT

The two capture solenoids required by the muon beam optics are, to some extent, similar to the previously designed
WSX solenoids currently used in the µE4 beamline. The production of radiation-hard, large-aperture solenoids
remains a challenge to achieve at two levels:
Mechanical design: The design will use the basic principles used by the PSI magnet section in the past of several
magnets close to the targets: non-organic material, indirect cooling, redundancy and remote handling capabilities.
The need for the coil to be potted in soft solder and the hygroscopic properties of the insulating MgO powder
increase the manufacturing difficulties. A very restricted number of companies or institutes currently master this
manufacturing process. It is important that the magnet section pursues a common development with the possible
manufacturers in order consolidate our knowledge and improve the manufacturing process. The goal is to secure
the availability of radiation-hard magnets in view of upcoming future projects at high-intensity accelerators and
neutron spallation sources.
Magnetic characterization: Means of quantifiying their magnetic properties (axis, field integral etc.) are re-
quired. The magnet section is developing several measurement systems aiming at a precise 3D mapping of dipole
and solenoid fields and at finding the position of the magnetic axis of large aperture and/or long devices. The
development of 3-D mapping systems using Hall sensors has been successful but the measurement of the magnetic
axis remains a challenge: the use of Hall probes is not optimal since these type of devices are prone to drifts and
offsets. We propose to use a moving wire or a pulsed wire technique. Developments of the later will be also
beneficial for the magnetic characterization of the undulators used at light sources.

2.4.4 Research goals NES/LSM

Within the HiMB project we need to optimize possible conflicting criteria, obeying restrictive constraints, given by
the existing facility and the new design considerations in realizing HiMB. This part of the project will take as input
the various design works described in the sections 2.4.1-2.4.3. We refer to them as physics simulation in the sequel.
These pieces constitute the basis for a global optimization towards a feasible and robust HiMB design. A central
point of the LSM research contribution will be around large scale Genetic Algorithm (GA) based Multi-Objective
Optimization (MOO) in high dimensional spaces [58–60]. The Quantities of Interest (QoI) to optimize are particle
losses, muon and proton beam parameters, geometric and magnet related quantities. The current estimate for the
number of QoIs is above 15.

We will attack this challenging problem simultaneously in 2 complementary ways: 1. by applying our existing
GA based MOO framework and 2. make use of surrogate models.

For the first part, we will apply the PhD works of Marija Kranjčević [65] towards an integration with physics
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Solenoid Beamline

30

Source1.2 x 1011 μ+/s 1.3 x 1011 μ+/sTgE TgM*

Capture7.2 x 109 μ+/s  
C ~ 6%

3.4 x 1010 μ+/s  
C ~ 26%

Transmission
5 x 108 μ+/s  
T ~ 7%
Total ~ 0.4%

1.3 x 1010 μ+/s 
T ~ 40%
Total ~ 10%

Existing μE4  
beamline

Proposed  
solenoid  
beamline

Gain due  to high capture 
and transmission efficiency

Expect around 5x107 μ-/s at 
28 MeV/c
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Surface Muons Are Nice!

Surface muons are not emitted isotropically but preferentially perpendicular to the 
surface
Polarisation also follows this distribution. Even for all surface muons and initial 
divergence have 67% polarization
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Figure 2: Angular distribution of surface muons emitted from a flat surface.
cosµ = 1 corresponds to muons emitted perpendicular to the surface.
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Simple simulation for polarisation

Capture solenoids at 250 mm from target
Gap of 1000 mm in between solenoids
Approximate focus 500 mm away from last solenoid
Sampled polarisation at 3 positions
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Polarisation from the simulation

Initial polarisation of the beam of 68% is 
increased to 97% after the capture in the 
solenoid
High polarisation is also achieved at the final 
focus
From other simulations we know that we 
transport a few % of cloud muons 
→ expect about 95% total polarisation

33

initial capture

target



Andreas Knecht

Polarisation in a long solenoid beamline
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Peter-Raymond Kettle 23

Polarization 10 mm DS of Target 
<P>=-60% Polarization entrance Capture Solenoid 

<P>=-77%

Reflections

Reflections

Polarization Final Focus – All Muons 
<P>=-98%

Polarization Final Focus – Muon P-byte 
<P>=-98%

HiMB Meeting 8/9/2020
Peter-Raymond Kettle 21

Pt->Pt->//->// V4-12t-2

Slanted-slab File

Using the Slanted Target Files Source=0

HiMB Meeting 8/9/2020

74% of Total Rate = muons in SM-byte
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Phase space

muE4 (full phase space):  
horizontal emittance: ∽ 5500 mm*mrad  
vertical emittance: ∽ 10’000 mm*mrad

piE5 (1-sigma): 
horizontal emittance: ∽ 1200 mm*mrad  
vertical emittance: ∽ 400 mm*mrad

HIMB expected (1-sigma): 
horizontal emittance: ∽ 7000 mm*mrad  
vertical emittance: ∽ 7000 mm*mrad
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production target has been estimated [36] using measured pþ
production cross sections [37]. For a given momentum interval
½pmin; pmax# in the simulation the mean depth in the graphite target
corresponding to pmin has been calculated by MCV3K [33] using the
mþ stopping power in graphite. For the selected pmin ¼ 22:4 MeV=c
this depth is 67mm. This gives together with the 4-cm length of
the target, and the vertical proton beam extension of 0.5 cm
(4s beam width) the ‘‘production’’ volume V. The product rStop %
V %rGraphite ¼ 1:2 & 1011=ðmA sÞ with rGraphite ¼ 1:78 g=cm3 gives
the rate I0

m of mþ generated by stopped pþ in the target volume of
interest. The measured intensity ImE4

m is then given by

ImE4
m ¼ I0

m %
DO
4p % !trans (12)

and is in good agreement with the experimental data. See
Appendix C for a more detailed discussion. The results are
summarized in Tables 4 and 5. The magnet and slit settings for
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Table 4
Summary of mE4 beam properties at LEM moderator target, 28 MeV=c, ‘‘WSX-on’’,
4-cm thick muon production target E

Experiment TRACK simulation

Accepted solid angle 135 msr
Horizontal emittance 550p cm mr
Vertical emittance 1000p cm mr
x=x0 (FWHM) 6.5 cm 6.5 cm/150 mr
y=y0 (FWHM) 2.8 cm 2.6 cm/300 mr
Dp=p (FWHM) 5.0–9.5% 5.0–10.0%
mþ rate (Sep61 0 kV) 228 & 106=mA s 222 & 106=mA s
mþ rate (Sep61 300 kV) 210 & 106=mA s 206 & 106=mA s

pE3, DO 20 msr
pE3, mþ rate 22 & 106=mA s (TRANSPORT)

mþ rate on 3 & 3 cm2 98 & 106=mA s 99 & 106=mA s
(Sep61 0 kV)

mþ rate on 3 & 3 cm2 86 & 106=mA s 88 & 106=mA s
(Sep61 300 kV)

pE3 area on 3 & 3 cm2 11 & 106=mA s

m) rate (Sep61 300 kV) 2:9 & 106=mA s

eþ=mþ 4
After Sep61 (300 kV) t0:01

e) =m) 115
After Sep61 (300 kV) t0:3

Channel length 19.27 m

Beam rates are about 40% higher for 6-cm target. Rates are normalized to 1 mA
proton current. For comparison, rates for pE3 are given as well. The estimated
TRACK rates are for surface mþ only and do not take into account ‘‘cloud’’ muons.

Table 5
Summary of mE4 beam properties at LEM moderator target, 28 MeV=c, ‘‘WSX-off’’,
4-cm thick muon production target E

Experiment TRACK simulation

Accepted solid angle 5 msr
Horizontal emittance 360p cm mr
Vertical emittance 320p cm mr
x=x0 (FWHM) 2.5 cm 2.4 cm/140 mr
y=y0 (FWHM) 3.5 cm 3.0 cm/120 mr
Dp=p (FWHM) 1.8–11.0% 1.9–11.0%

mþ rate 18:3 & 106=mA s 15:7 & 106=mA s

mþ rate on 3 & 3 cm2 10:7 & 106=mA s 9:4 & 106=mA s
(Sep61 300 kV)
(open slits)
(Dp=p ¼ 11:0% FWHM)

mþ rate 9:8 & 106=mA s 8:2 & 106=mA s

mþ rate on 3 & 3 cm2 7:4 & 106=mA s 6:6 & 106=mA s
m) rate 0:17 & 106=mA s
e) =m) t0:2
(Sep61 300 kV)
(Dp=p ¼ 6:0% FWHM)

Rates are normalized to 1 mA proton current. The estimated TRACK rates are for
surface mþ only and do not take into account ‘‘cloud’’ muons.
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Fig. 10. TRACK simulation for 28-MeV=c mþ, ‘‘WSX-on’’ settings, separator set to
300 kV. View upstream.
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Fig. 11. TRACK simulation for 28-MeV=c mþ, ‘‘WSX-off’’ settings, separator set to
300 kV. View upstream.
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